Novel aromatic/aliphatic polyimides were prepared from 2,7-diamino-9,9′dioctylfluorene (AFDA) and aromatic dianhydrides. Upon investigating the effectiveness of these polyimides for dispersing single wall carbon nanotubes (SWNTs) in solution, three were discovered to disperse SWNTs in N,N-dimethylacetamide (DMAc). Two of these polyimides, one from 3,3′,4,4′-oxydiphthalic anhydride (ODPA) and one from symmetric 3,3′,4,4′-biphenyltetracarboxylic dianhydride (s-BPDA), were used to prepare nanocomposites. Homogeneous polyimide/SWNT suspensions from both polymers were used in the preparation of films and fibers containing up to 1 wt% SWNTs. The samples were thermally treated to remove residual solvent and the films were characterized for SWNT dispersion by optical and high resolution scanning electron microscopy (HRSEM). Electrical and mechanical properties of the films were also determined.
Introduction
Polymer systems containing dispersed nanoparticles represent a class of materials with a combination of properties generally not obtainable in conventional polymers.
Carbon nanotubes, especially single wall carbon nanotubes (SWNTs), are among the most attractive of all nanoparticles due to their high aspect ratio and desirable mechanical and electrical properties. The addition of SWNTs to polymers can change select material properties even at low loading levels when properly dispersed. For example, adding small amounts of SWNTs to insulating polymers such as polyimides can impart electrical conductivity while having little effect on the appearance, optical and mechanical properties of the material. This has been demonstrated in recent efforts to develop transparent, flexible, anti-static polyimides with low solar absorptivity for space applications [1] [2] [3] [4] [5] [6] [7] [8] .
Although some properties of polymers can be affected by the addition of small amounts of SWNTs, properties such as improved thermal conductivity are expected to require much higher loadings, nanotube alignment, and perhaps modification to the interface between the nanotube and the matrix. This represents a major challenge as it is more difficult to disperse SWNTs at higher weight loadings. The advantage of dispersing SWNT bundles to smaller bundles or single nanotubes is that the SWNT surface area of these tubes is greatly increased and much more of the polymer matrix is affected by the SWNTs. A larger surface area creates a larger interfacial area which in turn affects bulk properties of the composite. Thus, discovering new mechanisms for increasing the dispersion of SWNTs is one major driver for new technology in this area.
There have been many developments in the dispersion of SWNTs in both aqueous and organic solvents as well as in polymers. There are four prominent methods for achieving dispersion: mechanical methods 8, 10 , functionalizing the SWNTs [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , using surfactants 21 , and non-covalent modification by using small molecules and polymer dispersants [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . There are advantages and disadvantages associated with each of the listed methods. For example, the use of mechanical means like high powered sonication or shearing forces to disperse SWNTs is effective but can decrease the length and consequently alter the properties of the SWNTs. Surfactants work extremely well in aqueous solutions but are ineffective in organic solvents. Functionalization of SWNTs is also a viable means to enhance dispersion, but this method changes the hybridization of the carbon atoms on the SWNTs and thus the properties can also be changed. Perhaps the most effective means for dispersing SWNTs is the use of non-covalent modification, a technique that does not alter the properties of SWNTs. One potential disadvantage associated with non-covalent modification is that the dispersant must remain in the system to maintain dispersion. This may not be desirable since the dispersant can alter the properties of the final material, but if the dispersant has similar properties to the matrix or can serve as a matrix, then non-covalent modification can be very attractive.
We recently reported that non-covalent modification with ionomers prepared from AFDA and an aromatic bis(pyrylium salt) could be used to disperse SWNTs in organic solvents, and the dispersed suspensions could subsequently be blended with polyimides 40 .
In these systems the ionomers worked well to disperse SWNTs, but the difficulty in preparing the ionomers rendered them somewhat unattractive for practical use. Difficulty arose from the fact that monomers used to synthesize the ionomers were not commercially available and the polymerization required high temperatures (165 ºC). The purpose of the described work was to develop a dispersant for SWNTs that had similar dispersive properties as the previously reported ionomers but was more cost effective and practical to prepare. A room temperature polymerization involving the use of the same diamine used for the ionomer synthesis and commercially available dianhydrides was used in the preparation of polyimides. Representative polyimides were prepared and three polyimides were found to be effective dispersants for SWNTs. Suspensions containing up to 1 wt% SWNT in these polyimides were used to prepare films and electrospun fibers. The dispersion and orientation of SWNTs within the nanocomposites along with other select properties of these films are discussed herein. obtained from GE Plastics, Inc. and dried at 150 °C prior to use. 2,7-diamino-9,9′dioctylfluorene (AFDA) was prepared according to a literature procedure. 40 All other materials were purchased from commercial sources and used without further purification.
Preparation of high molecular weight (HMW) polyimides
Into a 100 mL, three-necked flask equipped with nitrogen inlet, mechanical stirrer, and drying tube were placed AFDA (10.02 g, 23.8 mmol) and DMAc (50 mL).
The mixture stirred until the diamine completely dissolved. ODPA (7.39 g, 23.8 mmol)
was added as a powder followed by additional DMAc (30 mL) (18.8% solids). After the intermediate poly(amide acid) (PAA) stirred for ~16 h, pyridine (5.65 g) and acetic anhydride (7.29 g) were added and the solution stirred for ~16 h. DMAc (310 mL) was then added to the solution followed by 0.5 h of stirring. The solution was subsequently poured into water (2 L) in a Waring blender. The resulting powder was washed with water and dried by heating to 100 ºC for 24 h.
Preparation of endcapped, low molecular weight polyimides
Into a 500 mL, three-necked flask equipped with nitrogen inlet, mechanical stirrer, and drying tube were placed AFDA (11.50 g, 27.3 mmol) and DMAc (50 mL).
The reaction mixture stirred until the diamine completely dissolved. s-BPDA (7.76 g, 26.4 mmol) and PA (0.2842 g, 1.9 mmol) were added as powders followed by additional DMAc (50 mL). After the reaction mixture stirred for ~16 h, pyridine (6.49 g) and acetic anhydride (8.37 g) were added and the solution stirred for ~16 h. DMAc (300 mL) was then added and the solution stirred for ~0.5 h after which the solution was poured into water (2 L) in a Waring blender. The resulting powder was washed with water and dried by heating at 100 ºC for ~24 h. The number average molecular weight (M n ) was 9410 g/mol as determined by gel permeation chromatography (GPC).
Determination of dispersant effectiveness
Polyimides were screened for effectiveness at dispersing SWNTs at room temperature by the following method:
Into a 20 mL scintillation vial were placed SWNT (1.0 mg) and DMAc (5.0 g).
The vial was submerged in a Branson 2510 Bransonic ® ultrasonic cleaner bath operating at 42 KHz for 10 min followed by the addition of the polyimide (20.0 mg). Sonication was administered for another 10 min and the vial was then immediately removed from the bath and visually examined for appearance. The temperature of the sonicator bath was at ambient conditions and did not change significantly during these experiments.
Good dispersion was indicated by a visually homogeneous solution without any visual
particulates.
Preparation of polyimide/SWNT mixtures
The following is a representative procedure for preparing polyimide/SWNT mixtures:
Into a 20 mL scintillation vial were placed SWNTs (10 mg) and DMAc (7.15 g).
The suspension was sonicated in a Branson 2510 Bransonic ® ultrasonic cleaner bath operating at 42 KHz for ~1 h followed by the addition of polyimide (0.1 g). The suspension was then subjected to ~0.5 h sonication followed by two more polyimide additions of 0.2 g each with 10 min of sonication after each addition. The bath water reached temperatures of ~45 -55 °C after 1 h of sonication. A final polyimide addition (0.5 g) was then made and the mixture placed on a mechanical shaker for ~3 h. The polyimide/SWNT mixtures were used to cast thin films.
Thin films
Thin films were cast from control solutions (polymer only) and nanocomposite mixtures. The neat solutions and the nanocomposite mixtures were doctored onto plate glass and dried to a tack-free state under flowing nitrogen at room temperature in a low humidity chamber. Solvent removal was done under flowing air after drying to a tackfree film as follows: 1 h each at 100, 200, and 0.5 h at 220 °C. Thin-film tensile properties were determined according to ASTM D882 at room temperature using five specimens from each film at a crosshead speed rate of 0.5 mm/min.
Electrospun Fibers
Nanocomposite mixtures (~18% solids) were transferred to a 5 mL syringe which was placed in a syringe infusion pump (Fisher Scientific, Suwanee, GA). A high voltage power supply (Spellman High Voltage Electronics Corp., Hauppage, NY) was used to charge the syringe tip to 28 V. The nanocomposite mixture was simultaneously pumped at a constant rate of 3.3 mL/h under the applied voltage. The charge on the mixture eventually overwhelmed its surface tension, and a jet was ejected from the needle tip to a grounded collector. The grounded collector in this setup was a spinning mandrel located 20 cm away from the syringe tip oriented parallel to the tip. The fibers were collected on the spinning mandrel resulting in a fibrous mat.
Characterization
High-resolution scanning electron microscopy (HRSEM) images were obtained on a Hitachi S-5200 field emission scanning electron microscopy system. Optical microscopy was performed using an Olympus BH-2 microscopeat a magnification of 500x 
Results and Discussion

Preparation of Polyimides
Polyimides were prepared from AFDA and aromatic dianhydrides ( Figure 1 ).
Stoichiometric amounts of the monomers were used in the synthesis to achieve the highest molecular weight possible.
Dianhydrides used in comparison study
The poly(amide acid)s had inherent viscosities ranging from 0.52 to 1.37 dL/g (Table 1 ) indicating medium to high polymer formation. Solubility tests indicated that the corresponding polyimides (P2-P5) would readily dissolve in DMAc. P1 and P6 would only partially dissolve in DMAc when 20 mg of the polyimide was placed in 5 g.
The reduced solubility can be explained by the more rigid dianhydrides used with P1 and P6. To increase the solubility of the P1 polymer, a series of lower molecular weight oligomers having the same structure as P1 were prepared at 6.9% (EP1), 4.7% (EP2), and 3.5% (EP3) stoichiometric offset and endcapped with PA ( Figure 2) . were effective at dispersing SWNTs even though these polyimides were only slightly soluble in DMAc. The difference in polymer/SWNT interaction between P1 and P2 was peculiar because the dianhydrides were isomers. The results indicate that proper alignment of the polymer with the nanotube could not be achieved when the asymmetric isomer of BPDA was used. This is consistent with findings that polymers with more bent isomers of BPDA exhibited weaker intermolecular interactions. 41 The combination of polymer solubility with the ability to disperse SWNTs was necessary to prepare nanocomposite films from these polyimides. The initial screening studies indicated P3 to be the best choice. The results also indicated the EP3 polymer to be a good candidate. Although EP3 was not successful at completely dispersing SWNTs in the solvent at the ratio used for the visual test (20 mg polymer/1 mg SWNT), suspensions with EP3 were much improved when compared to neat SWNT suspensions.
It was assumed that higher polymer concentrations would yield completely homogeneous suspensions. This was later confirmed as homogeneous suspensions were afforded during film preparation. Higher MW polymers may have also proven successful, but EP3 was slow to dissolve and thus no attempt was made to use higher molecular weight versions for film preparation.
Preparation of nanocomposites
The other polymer chosen for nanocomposite preparation was the P3 polymer shown in Figure 3 and EP3 (see Figure 1 ). Raman spectroscopy showed similar results for these films compared to those obtained for previously prepared ionomer based nanocomposites and thus it was assumed that the chemistry of the SWNTs was unaffected during nanocomposite preparation. 43 
Optical and HRSEM images of nanocomposite films
Visual examination of nanocomposite films revealed darker films as the SWNT loading level was increased. However, transparency was maintained in all the films except the 1 wt% P3 film which was slightly hazy. Optical microscopy, which is generally used to visualize bundles and agglomerates of SWNTs, was used to further characterize SWNT dispersion in the nanocomposite films. Figure 4 confirms the n presence of bundles, which appear as patterns of black lines, in all the EP3 films. The bundles are evenly distributed throughout the matrix in the 0.1% and 0.5 wt% EP3 films.
However, agglomerates are noticeable in the 1% EP3 film indicating incomplete dispersion of SWNT bundles. The P3 films ( Figure 5 ) exhibited similar dispersion characteristics but a few agglomerates were also noticed in the 0.5% SWNT loaded films.
The optical microscopy data revealed that the EP3 polymer was better at dispersing SWNTs at higher loadings. This is most likely related to polymer structure as the lowering of the MW was shown to diminish the dispersing power of the polyimides. SWNTs and polymer is due to variations in the beam-induced electric field and allows for a direct assessment of SWNT dispersion within polymer matrices. 20, 38 Obtaining HRSEM images was only possible for those films with sufficient conductivity to withstand exposure to the electron beam. Therefore, the 0.1% EP3 and P3 films could not be imaged. Although the 0.5% and 1% EP3 films were not highly conductive (Table   3) , they exhibited unusually high stability in the beam at high voltages (20 kV). In all the films, SWNTs appeared to be uniformly dispersed in arrays of rope-like networks. In both the 0.5% and the 1% EP3 samples, the SWNTs were randomly oriented with small bundle sizes (< 10 nm) ( Figure 6 ). Nearly identical images were obtained for the P3 0 % 0.1 % 1 % 0.5 % nanocomposites except that the 0.5% sample was not as stable under the electron beam. This is noticed in the darkening of the images and is consistent with the lower conductivity values obtained for the 0.5% P3 film than for the 0.5% EP3 film (Section 3.5). The reason for the increased loading needed to reach percolation is not understood.
However, one suggestion is that the high affinity of the polymer for the SWNT surface allows the polymers to completely coat and insulate the SWNT surface. Thus, the 0.5% 0.5%
1.0% 1.0%
SWNTs and SWNT bundles are coated with the insulative polymer in such a way as to prevent the charge from transferring from one SWNT bundle to another. The surface and volume resistivity values for the samples after reaching percolation are similar to those typically found in polyimide/SWNT films. For example a previously prepared LaRC-CP2 film containing 0.05 wt% SWNT had a surface resistivity of 10 8 Ω/square and a volume resistivity of 10 9 Ω cm. 7 were not expected to show large increases in either tensile modulus or strength.
However, moduli in both the P3 films and EP3 films ( Table 6 and 7, respectively) did increase slightly as the SWNT concentration increased. In both polymer systems there were only minor differences in film strength as a function of SWNT loading.
Conversely, elongations of P3 nanocomposites were considerably altered. The reason for the sharp drop in elongation in the P3 nanocomposites is not clear but may be a result of stress concentration regions introduced by the nanotube bundles or larger agglomerates at higher weight loadings. This change in elongation was not noticed in the EP3 polymer perhaps because the neat sample had a low elongation to begin with. In order to examine the nature of the interaction between the polymer matrix and SWNTs, molecular dynamics (MD) simulations were performed. The experimental results indicate that P1 (s-BPDA) is able to disperse the carbon nanotubes while the asymmetric isomer P2 (a-BPDA) does not. Since these two polymers are identical in chemical constituency, differing only in the geometry of the attachment about the biphenyl linkage, modeling was used to gain insight into the mechanisms influencing the different behavior of these two isomers with the nanotubes.
In the molecular modeling, nine chains of molecular weight 5400 g/mol each have been simulated with a 4 nm length section of a SWNT. These simulations were performed in fully atomistic detail with applied periodic boundary conditions. Three statistically independent models were prepared for each of the two polymer matrix types.
The initial configurations were prepared by arranging the chains and the nanotube at low density and condensing the system with constant pressure MD. This was followed by 200 ps of constant pressure MD at 300 K. The same procedure was applied to generate bulk samples without the nanotube. Figure 8 shows the radial density of the polymer/nanotube system as a function of distance from the center of the nanotube. The large peak at 7-8 Å represents the SWNT wall. The data in this figure shows that both polymers exhibit similar density profiles. Energetics of the two nanocomposite systems were also studied using the following methodology. The comparative interfacial energy, E interface , between the nanotube and the polymer for each polymer type is estimated from equation 1,
where E nanocomposite is the energy of the system with the nanotube embedded in the polymer, E nanotube is the energy of the isolated nanotube, and E bulk polymer is the energy of the bulk polymer. E tube extract is the energy involved in extracting one nanotube from the middle of a system of a nanotube surrounded by six hexagonally packed nanotubes. This group of seven nanotubes is simulated in the same as way done for the polymer/nanotube system, where periodic boundary conditions are applied in the z direction along the axis of the tube. The comparative interfacial energy is converted to a surface energy in ergs/cm 2 by estimating the interfacial energy using a diameter of 10.5 Å. This value was chosen from consideration of Figure 8 and is arbitrarily but consistently applied. Results of the comparative interfacial energy calculation are shown in Table 8 . The total energy is the sum of contributions due to the bond, angle, dihedral, improper and nonbond terms.
The dihedral energy of the s-BPDA/AFDA polymer is significantly lowered in the presence of the carbon nanotube, indicating that the s-BPDA isomer can adopt an energetically preferred conformation at the interface while the a-BPDA isomer does not.
This would appear to be the primary influence for the results given in Table 3 with regard to these two isomers. For illustration purposes, a short simulation of a single s-BPDA/AFDA polymer chain in the presence of a nanotube illustrates how the polymer can adopt the preferred conformation. This simulation was performed by removing eight of the chains from the bulk polymer/nanotube simulation, essentially exposing the polymer and the nanotube to vacuum. This results in the arrangement depicted in Figure 9 after approximately 10 ps of MD simulation at 300 K. Attempts to generate a similar picture with the a-BPDA AFDA isomer resulted in the chain folding up and moving away from the tube. Figure 9 . A single s-BPDA/AFDA chain in the presence of a nanotube illustrates how the polymer can adopt the preferred conformation.
Characterization of electrospun fibers
The 1 wt% P3 suspension that was used in film preparation was also used to prepare fibers by electrospinning. The fibers were collected as mats which had enough integrity to endure physical handling. Further mechanical property testing of the fibers was not considered due to the lack of proper testing equipment. However, conductivity of the fiber mat could be measured by a handheld conductivity meter and the sample showed no increase in conductivity over the neat sample. However, a film prepared at the same wt% loading did show lowered resistivity ( Table 5 ).
The orientation of SWNTs in the fibers was of interest and the 1 wt% fiber was characterized by HRSEM. Upon analysis, it was observed that the fibers could withstand large voltages (20 kV) as in the case of more conductive films. This indicated that charge was dissipated by some mechanism not detectable with the conductivity meter. Although the 1% sample could withstand beam exposure, SWNTs could not be imaged inside the as-prepared fibers. Thus, a portion of the fiber mat was placed in an air oven at 350 ºC for 1 h. After heating, the SWNTs were seen in the interior of the bundle ( Figure 10 ) but at this concentration they did not appear to be completely aligned along the axis of the 1.5-2.0 μm fiber. Figure 10 . HRSEM image of electrospun fiber Fibers were cut with a razor blade prior to imaging by HRSEM and at the fractured end, SWNTs can be seen protruding and appear to be oriented parallel to the fiber axis ( Figure   11 ). Polyimides prepared with AFDA and various aromatic dianhydrides were tested for their effectiveness at dispersing SWNTs. Three polyimides were successful at dispersing the SWNTs in DMAc. P1 was insoluble and required a reduction in molecular weight before films and fibers could be prepared. However, P3 was soluble at high molecular weight. Films prepared from both polyimides showed random dispersion of SWNTs by HRSEM. Incomplete dispersion of SWNT bundles were seen in the 0.5 and the 1 wt% P3 films and the 1 wt% EP3 film. Increased electrical conductivity was seen in the nanocomposite films, however electrical percolation occurred at higher loadings than are typically expected for polyimide/SWNT nanocomposites. Modulus of the films increased slightly with higher SWNT loading, though the strength of the films did not change as a function of SWNT loading. Elongation of the P3 films diminished as a result of SWNT loading. Electrospun fibers were prepared from the same polyimide/SWNT suspensions used to prepare the films. HRSEM showed that the SWNTs were captured in the interior of the fiber and may have some directionality parallel with the fiber axis.
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